Protein phosphorylation and dephosphorylation are required for splicing of pre-mRNA precursors, and a number of proteins are known to undergo phosphorylation and dephosphorylation during the splicing cycle (29, 34, 37) . Among these, the SR proteins constitute a major class of proteins that appear to be modified extensively. SR proteins, a family of non-snRNP pre-mRNA splicing factors containing one or two N-terminal RNP-type RNA-binding domains and a C-terminal RS domain, are extensively phosphorylated (14, 17, 55) . RS domains consist of multiple consecutive RS/SR dipeptide repeats and differ in length among different SR proteins. Extensive phosphorylation of serines in the RS domain occurs in all SR proteins. This functions both to prevent nonspecific protein-RNA interactions and to modulate protein-protein interactions (3, 54, 62, 63) . Phosphorylation must be precisely modulated, as both hyper-and hypophosphorylation have been shown to reduce the overall activity of SR proteins in functional assays (47) .
Regulation of SR protein phosphorylation is achieved by a combination of protein phosphatases and kinases (37) . Circumstantial evidence suggesting a role for phosphatases was obtained first by using thiophosphorylated proteins and specific phosphatase inhibitors, which were shown to inhibit splicing in nuclear extracts (3, 36, 56, 63) . More recently, direct evidence that protein phosphatase 2C-␥ is required during early stages of splicing, i.e., formation of spliceosomes, was presented (42) . However, the identities of splicing-related target proteins of phosphatase 2C-␥, or any phosphatase, are presently unknown.
Considerably more is known about the protein kinases involved in splicing. For example, a number of kinases have been shown to phosphorylate the RS domains of SR proteins. Among these, the SRPK kinase family phosphorylates serines in the RS domain and they appear to have a strict requirement for an RSR motif (18, 52, 58) . However, all SRPK members are predominantly localized to the cytoplasm during interphase (58) , suggesting that they control SR protein function in splicing indirectly, for example, by influencing intracellular localization (28, 30, 31) . The reported higher activity of SRPK1 (three-to fivefold) during mitosis suggests that its activity is cell cycle dependent, and a partially purified fraction from mitotic cells was shown to hyperphosphorylate SR proteins (18) .
The Clk family consists of at least four kinases that are implicated in splicing control. Clk/Sty, the founding member, and Clk2, -3, and -4 can interact with and phosphorylate SR proteins (5, 20, 43) . These kinases all display so-called dual specificity, i.e., they are capable of phosphorylating both Ser/ Thr and Thr residues (1, 22, 32) . Intriguingly, they all contain an N-terminal region enriched in RS dipeptides, as well as a C-terminal kinase domain, with differences between family members primarily lying at the N terminus; the C terminus is highly conserved among all of the members of this family (20, 43) . Unlike SR protein RS domains, the Clk RS-rich domains contain a significant number of Arg and Ser amino acids interspersed with a few RS dipeptides as well as Thr. Cells grown in the presence of tyrosine phosphatase inhibitors showed enhanced tyrosine phosphorylation of Clk/Sty, suggesting that Thr autophosphorylation levels are dynamic (11, 13, 43) . In vitro phosphorylation assays comparing Clk and SRPK suggest that both kinase families have related but distinct substrate specificities (6) .
A number of studies have shown that Clk kinases can modulate the localization and function of SR proteins in the nucleus. Transient overexpression of Clk/Sty disrupts the nuclear speckled pattern of SR proteins and modulates splicing of a cotransfected reporter gene (5, 12) . Moreover, Clk/Sty over-expression was also shown to cause loss of structural integrity of interchromatin granule clusters and redistribution of all proteins tested to a diffuse nuclear localization, suggesting an underlying phosphorylation-dependent mechanism in the movement of proteins from nuclear speckles (48) . On the other hand, overexpression of a kinase-inactive mutant (ClkR) had a dominant-negative effect, as SR proteins were retained in speckles, probably by interfering with phosphorylation (5, 43, 48) . These findings suggest that release of SR proteins from speckles is modulated by phosphorylation and protein-protein interactions (38, 39, 48) . Significantly, Doa, the apparent Drosophila homologue of Clk/Sty, is present primarily in the nucleus during development and was shown to modulate splicing of at least some pre-mRNAs by altering the phosphorylation status of SR proteins (10, 64) .
The above-cited studies indicate that Clk kinases can influence the subnuclear localization and in vivo activity of SR proteins. We previously showed that SR proteins have reduced activity following hyper-or hypophosphorylation induced by Clk/Sty or ClkR, respectively, in both constitutive and alternative splicing assays (47) . Unphosphorylated but not phosphorylated SR proteins were inhibited or were inactive in splicing in the presence of ClkR, and analysis of the proteins' phosphorylation status demonstrated a lower level of phosphorylation. On the other hand, Clk/Sty inhibited splicing by inducing hyperphosphorylation of SR proteins. Together, these results indicate both that Clk/Sty can directly and specifically target SR proteins and that an optimal level of phosphorylation is required for splicing activity (47) .
Most studies on SR protein kinases have analyzed the effects of phosphorylation on subcellular localization and on splicing activity, both of which provide a measure of the effect on SR protein function (34, 37) . However, questions regarding regulation of SR protein kinase activity, for example by autophosphorylation, in targeting specific SR proteins and/or affecting their activity remain to be addressed. To elucidate possible regulatory mechanisms, we have analyzed the effects of both Ser/Thr and Thr autophosphorylation on Clk/Sty kinase activity and specificity with respect to different SR protein targets. We show that Clk/Sty activity is controlled by autophosphorylation on both Ser/Thr and Thr residues. Not only is the pattern of phosphorylation on a specific SR protein substrate, ASF/SF2, modulated by autophosphorylation, but the ability of the kinase to recognize different SR proteins is also influenced by the extent and nature of Clk/Sty autophosphorylation. Phosphorylation of ASF/SF2 is sensitive to changes in Tyr, but not Ser/Thr, autophosphorylation, while SC35 displays the opposite pattern. SRp40 phosphorylation, on the other hand, is unaffected by Clk/Sty autophosphorylation. We also present biochemical data indicating that Clk/Sty, as expected for a factor directly involved in splicing control, is indeed found in the nucleus of several different cell types. Our results extend the possible mechanisms by which SR proteins, and therefore pre-mRNA splicing, can be controlled.
MATERIALS AND METHODS
Expression and purification of recombinant proteins. Glutathione transferase (GST)-Clk/Sty (P-Clk/Sty) was purified from Escherichia coli as described previously (47) . Tyr-dephosphorylated Clk/Sty (PTP-Clk/Sty) and unphosphorylated Clk/Sty (CIP-Clk/Sty) were prepared by adding 200 U of protein tyrosine phosphatase (PTP) (Boehringer Mannheim) and 40 U of calf intestinal alkaline phosphatase (CIP) (New England Biolabs), respectively, to 400 g of P-Clk/Sty bound to glutathione beads, and dephosphorylation was carried out according to the manufacturers' instructions. The resin was washed, and proteins were eluted and dialyzed against buffer D (20 mM HEPES [pH 7.9], 100 mM KCl, 0.2 mM EDTA, 20% glycerol, 0.5 mM phenylmethylsulfonyl fluoride). For purification of PY-and PS-Clk/Sty, an antiphosphotyrosine column was prepared by crosslinking anti-phosphotyrosine antibody (Molecular Probes, Eugene, Oreg.) to protein A-agarose, as described previously (21) . Purified P-Clk/Sty (500 g) was added to 0.5 ml of the resin, and the slurry was rocked at 4°C for 1 h. Proteins were eluted with 0.5 ml of 20 mM Tris-Cl (pH 7.9)-150 mM NaCl-1 mM EDTA-60 mM phenyl phosphate. A total of 300 g of eluted and 150 g of flowthrough proteins (which essentially contained only tyrosine-and/or Ser/Thrphosphorylated P-Clk/Sty [designated PY-Clk/Sty and PS-Clk/Sty, respectively]) were obtained and dialyzed against buffer D.
His-tagged ASF/SF2 and SC35 were purified from Sf9 cells infected with recombinant baculovirus essentially as described previously (47) . To purify Histagged SRp40, an NdeI-BamHI fragment from pET-14b (53) was blunt ended and cloned into the BamHI site (blunt ended) of pFASTBAC (Invitrogen). Recombinant baculoviruses were generated, and His-tagged SRp40 was purified from infected Sf9 cells according to the manufacturer's instructions. Proteins were dialyzed against buffer D. Recombinant His-tagged ASF/SF2 and SRp40 from E. coli were purified as described previously (16, 53) .
Protein concentrations and purity were determined visually using Coomassie blue-and silver-stained sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), with bovine serum albumin as the standard.
Antibodies. Antibodies against Clk/Sty were generated in rabbits using the peptide CRYDHSKTTDSYYL conjugated to keyhole limpet hemocyanin as the antigen. Clk/Sty-specific antibodies were obtained by cross-linking anti-GST antibodies to protein A-agarose beads, which were then cross-linked to GST-ClkR/ Sty. Clk/Sty-specific antibodies were eluted with the peptide described above and dialyzed against phosphate-buffered saline.
SDS-PAGE and Western blotting. Protein samples were routinely boiled for 6 min and fractionated on 10% SDS-PAGE. Proteins were transferred to nitrocellulose, and blots were probed with different antibodies as described previously (27, 62) . Proteins were detected using a chemiluminescence kit (Amersham) according to the manufacturer's instructions.
In vitro kinase assays. In vitro phosphorylation assays were carried out with 5, 20, and 100 ng of P-Clk/Sty and equivalent amounts of PTP-, CIP-, PS-, and PY-Clk/Sty (normalized by kinase activity with myelin basic protein [MBP] as the substrate) with 1 g of SR protein substrate in the presence of 10 Ci of [␥-32 P]ATP and 2 mM ATP, as described previously (5) . Briefly, a cocktail of the substrate in kinase buffer was prepared in 45 l and various amounts of kinase (differing by fivefold) were added to initiate the reaction. Samples were incubated at 30°C for 30 to 45 min, and reactions were stopped by adding 1/2 volume of 3ϫ SDS sample buffer.
In vitro splicing. Template DNAs were linearized with appropriate restriction enzymes, and splicing substrates were prepared by in vitro transcription as described previously (47) . HeLa nuclear and S100 extracts were prepared as described previously (8) . Splicing assays in S100 extracts with appropriate SR proteins were performed as described previously (55) . For splicing assays in the presence of phosphatase inhibitors, S100 extracts, SR proteins, and polyvinyl alcohol were incubated with 0.01 mM sodium orthovanadate-0.01% H 2 O 2 for 10 min at 30°C before addition of the substrate and kinase (time 0). Splicing reactions were carried out for 80 min and were stopped by addition of proteinase K (250 g/ml) and deproteinized and precipitated by addition of 2.5 volumes of ethanol. RNA products were fractionated on denaturing PAGE and visualized by autoradiography.
Cell culture and transfections. The Clk/Sty coding sequence was amplified by PCR using two primers, 5Ј-GCTATCTAGAAGACATTCAAAGAGAACTTA C-3Ј and 5Ј-ACCCACTTAAAAAGCATACGGGATCCGCAT-3Ј, and digested with XbaI and BamHI. The product was cloned into the expression vector pCGN with a hemagglutinin (HA) tag (59) . Plasmid (4 g) was used for transfection of 293 cells in 10-cm-diameter plates as described previously (59) . Cells were harvested at 48 h posttransfection. Neuro-2A cells were grown in Dulbecco's modified Eagle's medium supplemented with 10% fetal calf serum, 2 mM glutamine, and 1 mM Na pyruvate. NIH 3T3 cells and HeLa cells were grown in Dulbecco's modified Eagle's medium supplemented with 10% bovine calf serum and fetal calf serum, respectively. Cells (4 ϫ 10 5 ) were seeded onto 6-well plates. The medium was changed every 2 days.
Cell lysis and fractionation. Cells were harvested, washed twice with phosphate-buffered saline, and pelleted at 800 ϫ g for 5 min at 4°C. Cells were resuspended in 500 l of TSM (20 mM Tris-Cl [pH 7.5], 150 mM NaCl, 3 mM 4140 PRASAD AND MANLEY MOL. CELL. BIOL.
MgCl 2 , 20 mM NaF, 10 mM ␤-glycerophosphate, 1 mM sodium orthovanadate, 1 mM sodium pyrophosphate and protease inhibitors). Triton X-100 (10%; 25 l) was added, and the cells were incubated for a further 5 min at 4°C. Nuclei were collected by centrifugation at 1,600 ϫ g for 5 min at 4°C and washed once with TSM. The supernatant constituted the cytoplasmic fraction. All lysates were frozen and stored at Ϫ70°C.
RESULTS
Recombinant Clk/Sty purified from E. coli is phosphorylated on Thr and Ser/Thr. To begin to characterize the possible effects of phosphorylation on Clk/Sty activity, wild-type Clk/Sty (as a GST fusion protein) was purified from E. coli (P-Clk/Sty). P-Clk/Sty migrated at ϳ100 kDa, whereas a kinase-inactive mutant, GST-ClkR (which is unphosphorylated), migrated at the expected molecular mass of 84 kDa (47) (Fig. 1A , compare lanes 1 and 2). This difference in apparent molecular mass suggested that Clk/Sty was active in E. coli and underwent autophosphorylation, whereas the kinase-inactive mutant, GST-ClkR, did not. Significantly, P-Clk/Sty purified from E. coli was also phosphorylated on Tyr, as indicated by reactivity to an antiphosphotyrosine antibody (Fig. 1B, lane 1) . This reactivity was completely abolished by treatment with PTP (lane 2). Treatment with CIP, a nonspecific phosphatase, also reduced the reactivity of Clk/Sty to the antibody (lane 3), suggesting that CIP dephosphorylated Clk/Sty on both Ser/Thr and Tyr residues. A small extent of phosphorylation was still detected on CIP-Clk/Sty. Complete dephosphorylation of PClk/Sty by CIP (as judged by analysis of the repurified proteins) was not possible, perhaps due to inaccessibility of the phosphatase to all phosphorylated residues. Using PTP or CIP to investigate further the extent of autophosphorylation, P-Clk/ Sty was dephosphorylated specifically on Tyr or on all residues, respectively, and the proteins were repurified (Fig. 1C) . Treatment with PTP to produce PTP-Clk/Sty did not affect gel mobility, suggesting that tyrosine phosphorylation did not affect the mobility of Clk/Sty (lane 2). However, treatment with CIP (to give CIP-Clk/Sty) resulted in increased mobility (lane 3), suggesting that Ser/Thr autophosphorylation is more extensive than Tyr phosphorylation but in any event is reflected in altered gel mobility.
Autophosphorylation status of Clk/Sty modulates kinase activity in vitro. The activities of a number of kinases are known to be modulated by autophosphorylation (15, 50) . To study the possible effect of autophosphorylation on Clk/Sty kinase activity, the different Clk/Sty derivatives described above were tested in in vitro phosphorylation assays with recombinant SR proteins purified from E. coli. Two assumptions were important parameters in the assays. First, SR proteins purified from E. coli are unphosphorylated. Though SR proteins were extensively phosphorylated in the cells and tissues examined to date, unphosphorylated SR proteins have not been detected (19, 65) and the natural phosphorylation status of SR proteins that are phosphorylated by Clk/Sty (or other SR protein kinases) is not known. Second, the autophosphorylation status of Clk/Sty is assumed to remain constant throughout the assay (i.e., no autophosphorylation of Clk/ Sty occurs during the in vitro phosphorylation reaction). Though a limited amount of autophosphorylation may in fact occur during the reaction (unpublished data), the trans reaction, i.e., phosphorylation of the substrate, predominates. VOL. 23, 2003 Clk/Sty REGULATION AND SUBSTRATE SPECIFICITY 4141
We next measured the kinase activities of repurified P-, PTP-, and CIP-Clk/Sty, first in standard kinase assays with [␥-32 P]ATP in which the products were resolved by denaturing PAGE. Importantly, activities of all three kinase preparations with MBP, a likely nonphysiological substrate, were similar ( Fig. 2A) . However, differences were observed when ASF/SF2 was used as a substrate. Incubation of increasing amounts of P-Clk/Sty with ASF/SF2 resulted in increased incorporation of 32 P into forms of ASF/SF2 migrating progressively more slowly (Fig. 2B, lanes 2 to 4) . PTP-Clk/Sty catalyzed slightly decreased incorporation of 32 P into the slowest-migrating species of ASF/ SF2 (lanes 5 to 7). Interestingly, ASF/SF2 phosphorylated by CIP-Clk/Sty (lanes 8 to 10) migrated faster than ASF/SF2 phosphorylated by P-and PTP-Clk/Sty, though the extents of incorporation of 32 P were very similar. This suggests that the residues phosphorylated by CIP-Clk/Sty were different from those phosphorylated by the other two forms of the kinase.
Phosphorylation patterns were also analyzed by Western blotting with mAb104, which recognizes a phosphoserine epitope in the RS domain of SR proteins (45) . In the case of P-Clk/Sty, ASF/SF2 reactivity to mAb104 correlated both with the decrease in mobility and with the extent of incorporation of 32 P (Fig. 2B, lanes 12 to 14) . With PTP-Clk/Sty, however, the decreased reactivity observed with the slowest-migrating form of ASF/SF2 confirmed that the extent of phosphorylation was indeed less than that catalyzed by P-Clk/Sty (lanes 15 to 17). Strikingly, CIP-Clk/Sty activity measured by reactivity to mAb104 was again distinct, indicating significant phosphoryla-FIG. 2. Autophosphorylation of Clk/Sty modulates kinase activity towards ASF/SF2 but not SRp40. (A) Increasing amounts of P-Clk/Sty (1, 5, and 20 ng) and equivalent amounts of PTP-and CIP-Clk/Sty were incubated with 1 g of MBP under kinase conditions. Reactions were stopped by adding 1/2 volume of 3ϫ SDS sample buffer, and proteins were fractionated by 10% SDS-PAGE and detected by autoradiography. (B and C) Increasing amounts of P-Clk/Sty (5, 20, and 100 ng) or equivalent amounts of PTP-and CIP-Clk/Sty were added to 1 g of ASF/SF2 (B) or SRp40 (C) purified from E. coli and incubated for 30 min at 37°C. Reactions were processed as described for panel A except that proteins were transferred to nitrocellulose following PAGE. The extent of ␥-32 P incorporation was visualized by autoradiography (lanes 1 to 10). Subsequently, blots were incubated with the monoclonal antibody mAb104 (lanes 11 to 20) and reactivity was detected by chemiluminescence. 20) . These results strongly support the conclusion that dephosphorylated Clk/Sty can phosphorylate the RS domain of ASF/SF2 as efficiently as the phosphorylated forms but that the pattern is distinct. They also indicate that the extent of phosphorylation (as measured by 32 P incorporation or reactivity to mAb104) need not necessarily correlate with decreased ASF/SF2 gel mobility (compare lanes 14 and 20) .
To determine whether the effects of differential autophosphorylation on kinase activity observed with ASF/SF2 were a general feature among SR proteins, another SR protein, SRp40, was used as the substrate under similar assay conditions. All three derivatives of Clk/Sty phosphorylated SRp40 equally well, as evaluated by levels of 32 P incorporation, gel mobility, and mAb104 reactivity (Fig. 2C) . That additional slower-migrating forms were detected suggests the presence of either heterogenously phosphorylated forms of SRp40 and/or incomplete translated forms. However, these results indicate that differences in autophosphorylation do not influence the ability of Clk/Sty to phosphorylate all SR proteins.
P-Clk/Sty is a mixture of differentially Ser/Thr-and Tyrautophosphorylated forms. The lack of difference in gel mobility observed after Tyr dephosphorylation of P-Clk/Sty (Fig.  1C) suggested that P-Clk/Sty is a mixture of Ser/Thr-and Tyr-autophosphorylated forms. Moreover, the diffuse nature of the P-Clk/Sty band found by SDS-PAGE, in contrast with the sharp band detected by Western blotting with the antiphosphotyrosine antibody, also suggested the presence of a mixed population of Clk/Sty containing or lacking Tyr autophosphorylation. To determine whether this is the case, and if so, to investigate the properties of these two forms of the kinase, a purification procedure was devised to separate the two populations of Clk/Sty into which purified P-Clk/Sty was fractionated on an antiphosphotyrosine column (Fig. 3A) . Clk/Sty phosphorylated only on Ser/Thr should not bind the column and thus accumulate in the flowthrough fraction (PS-Clk/Sty), while the Tyr-phosphorylated population (PY-Clk/Sty) should bind and be specifically eluted with phenyl phosphate (see Materials and Methods). Aliquots of the two fractions obtained were resolved by SDS-PAGE and analyzed first by Western blotting with antiphosphotyrosine antibody (Fig. 3B,  lanes 1 and 2) . Reactivity only to PY-Clk/Sty (lane 2) and not to PS-Clk/Sty (lane 1) indicated that the column successfully retained all of the Tyr-phosphorylated Clk/Sty. The gel was VOL. 23, 2003 Clk/Sty REGULATION AND SUBSTRATE SPECIFICITY 4143 then subjected to Coomassie staining, which revealed that a significant fraction of P-Clk/Sty (ϳ70%) indeed lacked Tyr autophosphorylation. PY-Clk/Sty migrated at a position similar to that of P-Clk/Sty, suggesting that PY-Clk/Sty was extensively phosphorylated on Ser/Thr as well as Tyr. It is conceivable that a basal level of Ser/Thr phosphorylation is required for Tyr autophosphorylation. In contrast, PS-Clk/Sty migrated more rapidly, indicating that it was underphosphorylated on Ser/Thr as well as lacking Thr phosphorylation.
To compare the kinase activities of PS-Clk/Sty and PY-Clk/ Sty, assays similar to those described for Fig. 2 were used. PS-Clk/Sty and PY-Clk/Sty activities were first normalized with MBP as a substrate and were again found to have similar activities (results not shown). Next, ASF/SF2 and SRp40 purified from E. coli were incubated with increasing amounts of PS-and PY-Clk/Sty in the presence of [␥-32 P]ATP ( Fig. 3C and  D, lanes 1 to 7) . PY-Clk/Sty phosphorylated ASF/SF2 more efficiently than did PS-Clk/Sty (Fig. 3C) . The difference between PY-and PS-Clk/Sty was most apparent at the intermediate concentration (compare lanes 2 and 3 with 5 and 6), but in any event, the results demonstrate that the activity of Tyrautophosphorylated Clk/Sty towards ASF/SF2 was enhanced relative to that of the form lacking Tyr autophosphorylation. Significantly, the extent of phosphorylation measured by mAb104 reactivity (lanes 8 to 14) was identical to that observed with 32 P incorporation. In contrast, SRp40 was phosphorylated equivalently by PS-and PY-Clk/Sty (Fig. 3D) . The absence of any difference in either 32 P incorporation or mAb104 reactivity with SRp40 as a substrate suggests that Clk/Sty activity was not generally regulated by Thr autophosphorylation. Coupled with the lack of any significant difference between P-, PTP-, and CIP-Clk/Sty activities towards SRp40 and the similarity of this response to MBP phosphorylation, it is conceivable that SRp40 is not a specific substrate of Clk/Sty which is regulated by autophosphorylation. In any event, these experiments indicate that the extent of Clk/Sty autophosphorylation can regulate its activity towards specific substrates.
P-Clk/Sty is dephosphorylated on Thr under splicing conditions in vitro.
A number of SR and other proteins undergo phosphorylation and dephosphorylation cycles during the course of splicing (3, 56, 58, 62) , and it is possible that Clk/Sty phosphorylation can also change during a splicing reaction. Therefore, before testing the effect of autophosphorylation on Clk/Sty activity in the modulation of splicing, we examined whether Clk/Sty undergoes phosphorylation and dephosphorylation in HeLa extracts. P-Clk/Sty was added to nuclear (Fig.  4) or S100 (data not shown) extracts and incubated under splicing conditions. Significantly reduced reactivity to the antiphosphotyrosine antibody was detected, suggesting that a Tyr phosphatase activity capable of dephosphorylating Clk/Sty was active in the extracts. Dephosphorylation was complete at the earliest time tested (18 min; results not shown), indicating that the phosphatase acts rapidly. Blots were stripped and reprobed with anti-GST antibody, which confirmed the presence of Clk/ Sty at all time points (data not shown). These observations lend further credence to the possibility that Clk/Sty activity is regulated at the level of autophosphorylation.
PY-and PS-Clk/Sty differentially affect splicing activated by ASF/SF2 and SRp40. Next, using the well-characterized premRNA ␤-globin substrate as previously described (47), we determined the effects of the various kinase preparations on splicing activity. However, because of the rapid Thr dephosphorylation of P-Clk/Sty, we first developed conditions in which Clk/Sty phosphorylation could be maintained (by specific phosphatase inhibitors) without significantly affecting splicing efficiency (see Materials and Methods). A panel of phosphatase inhibitors was initially tested, either singly or in different combinations, such that activation of splicing in S100 extracts complemented with SR proteins was not affected and Thr autophosphorylation of P-Clk/Sty was maintained. The presence of these phosphatase inhibitors in fact allowed for slightly increased Tyr autophosphorylation of PTP-and CIPClk/Sty during the course of the splicing reaction (data not shown and see below).
We next used the phosphatase-inactivated splicing extracts to examine the effects of PS-and PY-Clk/Sty on splicing activated by individual SR proteins. Given the results of the kinase assays described above, we hypothesized that PY-Clk/Sty would inhibit ASF/SF2-activated splicing more effectively than PS-Clk/Sty while both would similarly affect SRp40-activated splicing. As predicted, PY-Clk/Sty inhibited ASF/SF2-activated splicing (Fig. 5A, lanes 2 to 4) more efficiently than did PS-Clk/Sty (three-to fourfold; lanes 5 to 7), suggesting that Thr autophosphorylation of Clk/Sty enhanced kinase activity and inhibited splicing via hyperphosphorylation of ASF/SF2. PS-Clk/Sty also inhibited ASF/SF2-activated splicing but only at the highest concentration tested (Fig. 5A, compare lanes 1  and 7) . These observations are in good agreement with the in vitro phosphorylation assays, in which PS-Clk/Sty activity was lower than PY-Clk/Sty activity by at least a factor of four. Also in agreement with the in vitro phosphorylation assays, inhibition of SRp40-activated splicing was not affected by the autophosphorylation status of Clk/Sty; splicing was inhibited equivalently by PY-and PS-Clk/Sty (Fig. 5B, compare lanes 2 to 4   FIG. 4 . Clk/Sty is dephosphorylated on Tyr during splicing in nuclear extracts. A total of 20 and 100 ng of P-Clk/Sty (first lane and third through fifth lanes) or PTP-Clk/Sty (sixth through eighth lanes) was added to nuclear extracts (second through fifth, seventh, and eighth lanes) under splicing conditions. Splicing reactions were allowed to proceed for the indicated times. Proteins were precipitated with 10% trichloroacetic acid and washed with acetone, and proteins were fractionated on 10% SDS-PAGE. Western blots were probed with antiphosphotyrosine antibody, and proteins were detected by chemiluminescence.
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on Fig. 3B ). While Tyr phosphorylation was undetectable in each case, the gel mobility of PTP-Clk/Sty was identical to that of fully phosphorylated P-Clk/Sty but the mobility of PS-Clk/Sty was significantly greater than that of P-Clk/ Sty. This indicates that the fraction of kinase naturally lacking Thr phosphorylation was also underphosphorylated on Ser/ Thr. Consistent with this, CIP treatment of Clk/Sty, which removed both Thr and Ser/Thr phosphorylation, resulted in enhanced gel mobility (Fig. 1) . We therefore wished to test the effects of P-, PTP-, and CIP-Clk/Sty on splicing and to compare the results not only with the activities of the three derivatives in kinase assays but also with the effects of PY-and PS-Clk/Sty on splicing. To this end, we again used the phosphatase-inhibited splicing assay, in this case with ASF/SF2 and another canonical SR protein, SC35, both purified from baculovirusinfected insect cells.
We first tested the effects of the three kinases on ASF/SF2-activated splicing (Fig. 6A) . As expected, P-Clk/Sty effectively inhibited splicing. PTP-Clk/Sty also inhibited splicing but about fivefold less efficiently (compare lanes 2 and 3 with 5 and 6). This correlates well not only with the difference in kinase activity (Fig. 2) but also with the difference in splicing inhibition observed with PY-and PS-Clk/Sty (Fig. 5A) . The results suggest that the apparent difference in Ser/Thr phosphorylation between PS-Clk/Sty and PTP-Clk/Sty does not affect activity towards ASF/SF2 and that the reduced activity is thus determined entirely by the extent of Tyr phosphorylation. Consistent with this, CIP-Clk/Sty inhibited splicing to the same extent as PTP-Clk/Sty (compare lanes 5 to 7 and 8 to 10).
Strikingly different results were obtained when the ability of the three kinase preparations to inhibit SC35-activated splicing was tested (Fig. 6B) . In this case, PTP-Clk/Sty inhibited splicing to nearly the same extent as P-Clk/Sty (compare lanes 2 to 4 and 5 to 7). These results suggest that in this case, Ser/Thr phosphorylation, not Thr phosphorylation, determines the activity of Clk/Sty towards SC35. Providing strong support for this idea, CIP-Clk/Sty (like PS-Clk/Sty) was much less efficient at inhibiting SC35-mediated splicing (compare lanes 5 to 7 and 8 to 10). Together, these results suggest that both Ser/Thr and Tyr phosphorylation can influence Clk/Sty activity but in a substrate-dependent manner.
Exogenous and endogenous Clk/Sty SR protein kinases are present in the nucleus. An important assumption behind our experiments is that Clk/Sty participates actively in the splicing process and as such should be localized to the nucleus. Surprisingly, however, a recent report has suggested that both endogenous and exogenous, overexpressed Clk/Sty SR protein kinases are localized predominantly in the cytoplasm of PC12 and NIH 3T3 cells, respectively, as determined by indirect immunofluorescence (35) . This is in contrast with earlier observations using similar methods in which both overexpressed wild-type and kinase-inactive Clk/Sty SR protein kinases localized exclusively in the nucleus (5, 11) . More recently, transiently expressed GFP fusions of Clk/Sty and ClkR were also found to be present exclusively in the nucleus (48) . To examine this issue biochemically, Clk/Sty was first overexpressed in 293 cells and nuclear and cytoplasmic fractions were prepared. As antibodies against Clk/Sty have generally been difficult to generate, perhaps reflecting the fact that the kinase is highly homologous across species, we generated an antipeptide antiserum against a sequence from the N terminus of Clk/Sty and affinity purified the anti-Clk/Sty antibodies (see Materials and Methods). Western blot analysis with these antibodies indicated that the overexpressed kinase was present as a diffuse band, implying the presence of multiple phosphorylated forms (Fig. 7, lane 3) . More importantly, Clk/Sty was present mainly, if not exclusively, in the nuclear fraction (compare lanes 3 and 4). (The very faint species at ϳ60 kDa in mock-transfected cells [lane 1], which, as expected, was very weak relative to the overexpressed HA-tagged form, likely corresponds to endogenous Clk/Sty, which also appears to be nuclear. The larger, cytoplasmic species is discussed below.) To determine whether endogenous Clk/Sty was also present in the nucleus, subcellular fractionation and Western blotting of several cell lines were performed. A neuroblastoma cell line, Neuro 2A (N2A), was analyzed first. While Clk/Sty was detected in most cell lines tested (data not shown and see below), N2A cells displayed the highest levels. Western blot analysis of the fractionated extracts again demonstrated the presence (predominantly in the nuclear fraction) of a species of the size (ϳ60 kDa) predicted for Clk/Sty (Fig. 7, compare lanes 4 and   FIG. 6 . Ser/Thr and Tyr autophosphorylation independently influence substrate specificity. Increasing amounts (8, 20 , and 50 ng) of P-Clk/Sty (lanes 2 to 4), PTP-Clk/Sty (lanes 5 to 7), and CIP-Clk/Sty (lanes 8 to 10) were added to splicing reactions performed with S100 extracts in the presence of phosphatase inhibitors and ASF/SF2 (A) or SC35 (B). Reaction mixtures were deproteinized after 80 min, and RNAs were precipitated with ethanol. RNAs were fractionated by 5% denaturing PAGE and visualized by autoradiography. 3 and 4) . Cells were collected at 48 h posttransfection, and nuclear (lanes 1 and 3) and cytoplasmic (lanes 2 and 4) fractions were prepared. Protein samples were boiled in sample buffer and fractionated by 10% SDS-PAGE before being transferred to nitrocellulose. Blots were probed with anti-Clk/Sty antibody, and proteins were detected by chemiluminescence. For detection of endogenous Clk/Sty, Neuro 2A (lanes 5 to 7), NIH 3T3 (lanes 8 to 10), and HeLa (lanes 11 to 13) cells were harvested and subcellular fractionation was performed as described above. Whole-cell lysates (lanes 5, 8, and 11), nuclear fractions (lanes 6, 9, and 12), and cytoplasmic fractions (lanes 7, 10, and 13) were resolved by 10% SDS-PAGE and transferred to nitrocellulose. Blots were probed with anti-Clk/Sty antibody, and proteins were detected by chemiluminescence. The asterisks denote a possible cytoplasmic isoform (see text). 13) . Two points are apparent from the results. First, Clk/Sty was detected in both cell lines in both nuclear and cytoplasmic fractions. This establishes that Clk/Sty is present in the nuclei of both cell types and possibly the cytoplasm as well, although in this case nuclear leakage cannot be ruled out. Second, the two cell lines showed apparently distinct patterns of Clk/Sty phosphorylation. Clk/Sty was present as multiple forms in NIH 3T3 cell nuclei (lane 9), while the cytoplasmic fraction contained only the slower-migrating (presumably hyperphosphorylated) form (lane 10), suggesting that Clk/Sty is differentially modified in the nucleus and cytoplasm. On the other hand, HeLa cells showed only one form, which was almost equally distributed between the nuclear and cytoplasmic fractions (compare lanes 12 and 13). Intriguingly, all of the cell lines (and especially the N2A, HeLa, and 293 cells) also displayed a higher-molecular-weight species of ϳ80,000 that was exclusively cytoplasmic. Although we do not know the identity of this species, this pattern is remarkably similar to that detected in Drosophila for the Clk/Sty homologue Doa (64) . Western blotting of extracts from all developmental stages revealed not only the predicted 55-kDa isoform, which was largely nuclear, but also an unexpected 105-kDa isoform that was exclusively cytoplasmic. Whatever the significance of the various cytoplasmic forms, our results provide important evidence that a significant fraction of Clk/Sty is indeed nuclear and thus able to participate actively in splicing control. Additional experiments, with more sensitive reagents, would be important for determination of the extent and consequences of Clk/Sty autophosphorylation in vivo. But together, our results have established autophosphorylation as a potentially important mechanism for controlling Clk/Sty activity.
DISCUSSION
The SR proteins in mammals constitute a family of about a dozen proteins that share related RS domains, which are known to be phosphorylated extensively on multiple serines. While Clk/Sty and related kinases that phosphorylate RS domains have been characterized, until now it has been unknown whether any of these kinases display substrate specificity, i.e., whether they can differentially phosphorylate individual SR proteins. It was also unknown whether the activity of such kinases could be regulated, an especially interesting question with respect to the Clk/Sty kinases because they themselves contain RS-like domains and are also known to be autophosphorylated on tyrosines. We have described here biochemical data that address both of these questions, showing that the phosphorylation status of Clk/Sty affects its activity and that these effects are substrate specific. Significantly, we have also provided evidence that Ser/Thr and Tyr phosphorylation can each influence Clk/Sty activity in substrate-specific ways. Our experiments also provided biochemical evidence that consistent with a direct role in splicing, Clk/Sty indeed localizes to the nucleus. Below we discuss how these properties of Clk/Sty relate both to other protein kinases and to the mechanism and regulation of pre-mRNA splicing.
A number of protein kinases are known to be regulated by autophosphorylation. These include, for example, the wellstudied receptor protein tyrosine kinases (RPTKs), where dimerization induced by ligand binding induces transautophosphorylation (24, 50) . Membrane-associated Ser/Thr kinases can also be activated by similar dimerization-induced autophosphorylation. For example, the interleukin-1 receptor-associated kinase/Pelle kinases associate with Toll-like receptors and become autophosphorylated in response to ligand binding and receptor multimerization (33, 51) . The complex Ca 2ϩ / calmodulin-dependent kinase II is activated by autophosphorylation, which results in a change of properties, including generation of Ca 2ϩ /calmodulin-independent activity (23). Finally, an especially relevant group of kinases is that of the mitogenactivated protein kinases because, like Clk/Sty, they are dualspecificity kinases (4) . Although most frequently activated by signaling cascades that appear not to involve autophosphorylation, at least one of these kinases, p38␣, can be activated by a distinct mechanism that involves autophosphorylation induced by binding of a specific activating protein, TAB1 (15) .
There are also instances in which changes in the pattern of autophosphorylation of specific kinases can have more qualitative effects on substrate specificity. For example, the colonystimulating factor 1 RPTK is phosphorylated on multiple tyrosines, and mutations altering different subsets of these residues differentially affect recognition of distinct SH2 domain-containing substrates (24) . Similar results were obtained with fibroblast growth factor receptor 1, another RPTK (7). An autophosphorylated form of the Src-related Lyn kinase displays increased activity towards peptide substrates but reduced activity towards protein substrates relative to the unphosphorylated version, conceivably suggesting differences in substrate specificity (9) . The activity of GSK-3␤, another dual-specificity kinase, was shown to be activated by Thr autophosphorylation and inhibited by Ser/Thr autophosphorylation (60) . To our knowledge, however, ours is the first study to show that changes in autophosphorylation patterns can both have qualitative effects on phosphorylation of a specific substrate and change specificity towards distinct substrates such that one is favored by Tyr and another is favored by Ser/Thr autophosphorylation.
Our studies have provided considerable evidence that the activity of Clk/Sty can be modulated by changes in its autophosphorylation pattern, but a key question is whether this happens in vivo and, if so, what factors might control autophosphorylation. At least two lines of evidence suggest that Clk/Sty phosphorylation statuses can differ and have functional consequences in vivo. First, the Clk/Sty family member Clk2 has been shown to be differentially phosphorylated in vivo and its subnuclear localization can be affected by altering its phosphorylation status with kinase inhibitors or mutation of a conserved phosphorylation site, Ser-141 (44) . Second, our Western blot analyses revealed differences in Clk/Sty gel mobility, which likely reflect at least in part different phosphorylation levels between different cell types and nuclear and cytoplasmic fractions (see also below). However, additional work is required to document specific changes and indeed, beyond the Ser-141 site mentioned above, specific Clk/Sty phosphorylation sites have not yet been determined.
Clk/Sty autophosphorylation levels may be modulated by mechanisms utilized by other kinases. For example, Clk/Sty has been shown to have the ability to dimerize in vitro (11) and, as with the RPTKs and other kinases, it is possible that dimerization facilitates transautophosphorylation. However, interactions between the Clk/Sty C-terminal catalytic domain and N-terminal regulatory domain were not detected in a yeast two-hybrid screening and the isolated catalytic region could not phosphorylate the N-terminal region in vitro (46) , providing some evidence against a transphosphorylation mechanism. Another possibility is that interaction with another protein(s) influences Clk/Sty autophosphorylation, similar to the mechanism described above for the mitogen-activated protein kinase p38␣. Such an interaction would likely involve the RS domain of Clk/Sty. RS domains are well known to mediate proteinprotein interactions (27, 61) , and the Clk/Sty RS-rich region is also necessary (but not sufficient) to mediate interactions with SR proteins (5, 46) . RS domain phosphorylation has significant, protein-specific effects on protein-protein interactions (62, 63) . Indeed, a novel RS domain containing CLASP, a protein that interacts with unphosphorylated (i.e., kinase-inactive) but not phosphorylated Clk4, was recently described (26) . Such interactions could affect kinase activity and autophosphorylation in a number of ways, for example, by facilitating or interfering with recognition of specific residues or by directly influencing the structure and activity of the catalytic domain (25) . Consistent with this, the Clk/Sty N-terminal region has been shown to have a generally negative effect on catalytic activity (35) . It is likely that similar phosphorylation-mediated changes in protein-protein interactions underlie the changes in substrate specificity we have described here.
Important issues affecting the possible physiological function(s) of Clk/Sty kinases include their tissue distribution and subcellular localization. The lack of antibodies recognizing these proteins have limited such studies, but Northern analyses have suggested that Clk/Sty is widely expressed and present at various levels in most tissue and cell lines analyzed (43, 58) . Also, as described above, a number of studies with transiently overexpressed epitope-tagged Clk/Sty have suggested that the kinase is predominantly nuclear. These studies have been taken as evidence supporting the involvement of SR proteins in splicing. It was thus surprising that a recent study suggested that Clk/Sty was expressed in a very limited number of cells and tissues and when expressed was almost entirely cytoplasmic (35) . In contrast, our studies suggest that Clk/Sty is expressed in several cell types and that a large fraction is nuclear. The reason(s) for this discrepancy is unclear. One possibility is that the antibodies used by Menegay et al. preferentially recognize a hyperphosphorylated form of Clk/Sty. Hyperphosphorylation of SR and related proteins has been associated with cytoplasmic localization (2, 49) . Furthermore, our biochemical analyses suggest that the apparent cytoplasmic form of Clk/Sty detected in NIH 3T3 cells is hyperphosphorylated. We also detected a significantly larger species that may correspond to a novel isoform of Clk/Sty and which was exclusively cytoplasmic. This form may be analogous to a high-molecular-weight species detected in Drosophila which was suggested to arise by alternative splicing rather than phosphorylation (64) . It is conceivable that this was the form detected by Menegay et al. In any event, the data together now suggest that a significant fraction of Clk/Sty is indeed nuclear, although another fraction is likely localized in the cytoplasm, perhaps depending on cell or tissue type. The function of these cytoplasmic forms is not known. However, one cytoplasmic target of Clk/Sty has been suggested previously (41) , and it is also possible that intracellular localization provides a mechanism for regulating the role of the kinase in splicing, perhaps analogous to the mechanism proposed to control hnRNP A1 activity in response to osmotic stress (57) .
We now know that alternative splicing occurs frequently in metazoan systems, and present estimates suggest that expression of nearly 50% of human genes involves alternative splicing (40) . It is therefore becoming apparent that splicing regulation provides an important avenue for gene control. As with transcription, there are multiple mechanisms by which splicing can be regulated, and combinatorial interactions involving SR proteins appear to be especially significant. Consistent with playing a role in splicing control, the distribution of individual SR proteins in different tissues and cells differs significantly (65) . Given that the phosphorylation status of these proteins strongly affects their activity (reference 47 and references therein), the fact that families of SR protein kinases, such as the Clk kinases, exist and themselves exhibit tissue specificity in their distribution (43) further extends the possibilities for combinatorial regulation of splicing. We have demonstrated here that the activity and substrate specificity of Clk/Sty can be modulated by qualitative and quantitative changes in autophosphorylation. While future studies would be important to understand the precise patterns of autophosphorylation involved and how they are utilized in living cells, our experiments have added another layer of complexity to the network of interactions capable of controlling splicing of mRNA precursors.
